INTRODUCTION
The Galactocentric radial metallicity gradient in the disk of the Milky Way (MW) has been studied for a long time (e.g., Twarog et al. 1997; Park & Lee 1999; Chen, Hou, & Wang 2003; Tadross 2003; Kim 2006; Carraro et al. 2007; Paunzen et al. 2010; Netopil et al. 2016; Cantat-Gaudin et al. 2016; Jacobson et al. 2016; Tissera et al. 2016) , for which open clusters (OCs) have been under intense studies, alongside with Cepheids (Andrievsky et al. 2004; Cescutti et al. 2007 ), globular clusters (Yong et al. 2008) , red clump (RC) stars (Önal Taş et al. 2016) , planetary nebulae (Stanghellini, & Haywood 2010) , H ii regions (Rudolph et al. 2006; Fernández-Martín et al. 2017) , field stars (Xiang et al. 2015) , etc. The disk metallicity gradient can give information on the disk formation processes, star formation processes, and chemical evolution of the spiral galaxies (Tissera et al. 2016) . One notable recent
Corresponding author: Sang Chul KIM result is that of Anders et al. (2017) , who have claimed the slopes of the Galactic radial metallicity gradient to be −0.066 dex kpc −1 for the age range of 1 − 4 Gyr and −0.03 dex kpc −1 for 6 − 10 Gyr, using 418 red giant stars observed by CoRoT-APOGEE with 6 < R GC < ∼ 13 kpc and | Z gal |< 0.3 kpc (where R GC is the Galactocentric distance and Z gal is the vertical distance from the Galactic plane).
OCs, especially the old ones, are a good laboratory for verifying stellar evolution theories, and they are also good tracers of the star formation and evolutionary history of the Galactic disk. While Lyngå (1987) published data for over 1200 OCs, the observed number of OCs including candidates has increased to 2167 in the latest version (3.5; 2016 January 28) of Dias et al. (2002) Kharchenko et al. (2013) presented MW object catalog for 3006 objects including 2808 OCs, 147 globular clusters and 51 associations, almost complete up to 1.8 kpc from the Sun, where only 386 out of 3006 have metallicity values. Considering the estimated total number of MW OCs (∼ 100, 000; Piskunov et al. (2006) ; Tadross (2011)), more surveys and detailed photometric and spectroscopic studies on individual clusters are awaited.
Ruprecht 6 (Ruprecht 1966) is an old OC, located in the constellation of Canis Major and at very large distance (∼ 13.28 ± 0.54 kpc; see Table 1 below) from the Galactic center. It is one of the small-size and poor OCs, which means it contains not so many number of member stars. This could be the reason why there have been few studies on the cluster. Hasegawa et al. (2008) , which seems the only previous observational study on this cluster, have used 65-cm telescope, AP8 1024 px CCD, and BV I filters at Gunma Astronomical Observatory (FoV = 10.3 × 10.3 ) to study 36 old OCs, and included Ruprecht 6 in their study. They obtained some physical parameters for Ruprecht 6 from Padova isochrone fitting : age = 3.2 Gyr (log t = 9.50), Z = 0.008 ([Fe/H] = −0.41), E(V − I) = 0.60 mag, and (m − M ) 0 = 14.43 (d = 7.7 kpc), and these values are enlisted in the DAML02 catalog. Some basic physical parameters are summarized in Table 1 . The last parameter in Table 1 presents the Trumpler class of Ruprecht 6 to be III 1 p, which means, respectively, (i) Ruprecht 6 is detached and shows no noticeable concentration, (ii) most stars in the cluster are of nearly the same apparent brightness, and (iii) it is poor containing less than 50 stars (Trumpler 1930; Dias et al. 2002) . In this study, using the BV I optical imaging data obtained by using the CTIO 1.0 m telescope, we present the photometric analysis and physical parameters of the OC Ruprecht 6. Section 2 describes the observations and data reduction processes. Section 3 presents the results in this study: cluster center position, color-magnitude diagrams, reddening and distance estimations, and PAR-SEC isochrone fitting results. In Sections 4 and 5, we discuss the Galactocentric metallicity distribution and summarize our results, respectively. For the OC Ruprecht 6, we have obtained three 1200 sec, three 900 sec, and two 800 sec images for B, V, and I filters, respectively, under 1.5 median seeing conditions. The final images are average combined for each filter. Figure 1 displays the combined grey-scale image of three V -band frames for the OC Ruprecht 6, where red circles show the region of Ruprecht 6 with radius of 2 .
OBSERVATIONS AND DATA REDUCTION
The raw observation data have been processed with the IRAF 3 /CCDRED package with standard procedure.
That is, the overscan correction, bias correction, and the twilight sky flattening have been made. Since interference patterns are seen in the I-band images, we made I-band supersky image using all the I-band images obtained on the same night and performed second flattening. In addition, because of the large format of the detector and the slow speed of the shutter, the shutter shading correction is applied. The IRAF script (y4kshut.cl) given at the CTIO homepage is used for the correction. Photometry was performed using the DAOPHOT II/ALLSTAR stand-alone package after separating the CCD quadrants to treat them as four separate CCD chips (Stetson 1990) . This is also because each chip has different gain and readout noise. Due to the large field of view, we adopt the quadratic variable point spread function. Aperture corrections were obtained with 20 − 30 isolated, bright, and unsaturated stars in each CCD quadrant. Figure 2 shows the error distribution of the BV I photometry results. The photometric errors typically attain 0.1 mag at B ≈ 22.7 mag, V ≈ 22.4 mag and I ≈ 21.2 mag (Kim et al. 2009 ), indicating ten times of object signal above the background.
Four Landolt (1992 Landolt ( , 2007 Landolt ( , 2009 where small and capital letters represent instrumental and standard magnitudes, respectively, and X is the airmass for each filter. We also have obtained the secondary extinction coefficient (k2B = −0.052 ± 0.016) as a free parameter. Including the secondary extinction coefficient, however, caused the errors of other parameters increase and the overall residual remained at the same value (0.037). So we decided not to adopt k2B but follow the simple solution. Figure 3 (2002) Astrometry was done using the routines provided in astrometry.net (Lang et al. 2010 ).
The total number of stars with photometry is 5570, while that for the region of Ruprecht 6 with radius < 2 is 296. Table 2 lists the photometry of 92 stars of Ruprecht 6 with V < 19 mag.
RESULTS

Cluster Center and Size
For the center coordinates of the OC Ruprecht 6, Hasegawa et al. (2008) presents αJ2000 = 06 h 56 m 06 s , δJ2000 = −13
• 15 00 , which we adopt in this study. While Dias et al. (2002) m 00 s , δJ2000 = −13
• 17 00 and SIMBAD gives αJ2000 = 06 h 55 m 55.2 s , δJ2000 = −13
• 16 48 , both of these values result in poor identifications of the cluster center. The coordinates given by Hasegawa et al. (2008) point to the cluster center more accurately as seen in Figure 1 .
Using the bright stars (V ≤ 20 mag) with the cluster center fixed as above, we plotted the radial number density profile with the bin size of 0.5 in Figure 4 . We determined the radius of Ruprecht 6 to be 2.0 , in which radius most of the member stars are located. Figure 6 shows the comparison region (3 < R < 3.6 ) with the same area. Some characteristic features that can be found for Ruprecht 6 in these CMDs are : (i) main-sequence stars are clearly seen and red dotted lines show the blue turn-off point at B ≈ 19.30 mag, V ≈ 18.45 mag, I ≈ 17.30 mag, B − V ≈ 0.85 mag, and V − I ≈ 1.15 mag (see Figure 2 of Kaluzny (1994) for the definition of the blue turn-off), (ii) some red giant stars evolved after the turn-off are found, and (iii) three RC stars are seen and denoted as boxes in Figure 5 with mean magnitudes and colors of B = 17.36 ± 0.09 mag, V = 16.00 ± 0.10 mag, I = 14.41 ± 0.13 mag, B − V = 1.35 ± 0.05, mag V − I = 1.59 ± 0.05 mag.
Color-Magnitude Diagrams
To further check the membership probability of the three RC stars statistically, we extracted all stars with similar magnitudes and colors to the RC stars in the whole observed area of 19.57 × 19.57 . Figure 7 shows the spatial distribution of the resultant 10 stars located in the RC box area of Figure 5 and Figure 6 , including the three RC stars in Ruprecht 6. The stellar spatial density of the three stars in the cluster area is 3/(π2 2 ) = 0.239 arcmin −2 , while that of the seven stars outside of the cluster area is 7/(19.57 2 − π2 2 ) = 0.019 arcmin −2 . The stellar density of the cluster area is 0.239/0.019 = 12.58 times more higher than that of the background area, and thus we conclude that the three RC stars in Ruprecht 6 are members of the cluster with high probability. (2015)). In the near-infrared (NIR), especially in the KS-band, the RC is known to have small dependence on metallicity and age, showing MK S = −1.595 ± 0.025 mag and an intrinsic color of (J − KS)0 = 0.612 ± 0.003 mag (Yaz Gökçe et al. 2013; Özdönmez et al. 2016) . Recently, Girardi (2016) published a detailed review paper on the RC stars, and summarized the mean absolute magnitudes of these stars, which could possibly be used to estimate the distances and extinctions to stellar systems with the age of 1 to 10 Gyr though with some caveats such as population effects. Table 4 shows the mean I-band absolute magnitudes of RC stars from Girardi (2016) and the mean values of the five data is MI = −0.236 ± 0.024 mag.
Distance Estimation
Since it is known that the near-infrared K-band magnitude of the RC stars is not sensitive to the age and metallicity of the star cluster than the optical I-band magnitude (Sarajedini 1999; Grocholski & Sarajedini 2002; Kyeong et al. 2011) , we mainly used the mean K(RC) magnitude of the RC stars in Ruprecht 6. Table 5 shows the JHKs magnitudes of the three RC stars in Ruprecht 6 extracted from the 2MASS (Two Micron All Sky Survey 4 , Skrutskie et al. (1997, 2006) ) data archive. Using the mean K(RC) magnitude of Ks = 12.39 ± 0.21, the extinction value of AV = 1.30 (see Section 3.4), and the extinction ratio of AK = 0.118AV = 0.15 (Dutra et al. 2002) , we obtain h 56 m 06 s and δJ2000 = −13
• 15 00 from Hasegawa et al. (2008) , which is adopted in this study. Blue and white circles show the regions of radius of 2 centered on the coordinates of Dias et al. (2002) and SIMBAD, respectively. Lower panel. Zoomed-in image of the region of Ruprecht 6. Red circle shows the region of Ruprecht 6 with radius of 2 (the same as in the upper panel) and the field-of-view of the image is ∼ 9 × 9 . 
Reddening Estimation
For the estimation of the interstellar reddening value toward the OC Ruprecht 6, we adopted the following four methods. First, we have used the mean NIR color of the RC stars ( J − Ks = 0.81 ± 0.06) from Table 5 Considering the results of these four methods, we assume that the true reddening values toward Ruprecht 6 are in the range of E(B − V ) = 0.40 − 0.42 and E(V − I) = 0.59 − 0.60, and in this study we adopt the values of E(B − V ) = 0.42 and E(V − I) = 0.60 which afford the best isochrone matches (see Section 3.5). This is in very good agreement with the value (E(B − V ) = 0.43) listed in the DAML02 catalog. The interstellar extinction laws given by Cardelli et al. (1989) 
PARSEC Isochrone Fittings
In Figure 9 , we have plotted the V versus (B − V ) (a), V versus (V − I) (b), B versus (B − V ) (c), and I versus (V − I) (d) CMDs for Ruprecht 6 together with the theoretical PAdova and TRieste Stellar Evolution Code (PARSEC) isochrones (Bertelli et al. 1994; Girardi et al. 2000 Girardi et al. , 2002 Bressan et al. 2012 ). The best matched isochrones are for the parameters of log (age) = 9.50 ± 0.10 (t = 3.16 ± 0. Figure 5 , but for the comparison field of 3 < radius < 3.6 around Ruprecht 6. This radius range gives the same area as in the case of Ruprecht 6. The red dotted lines and black boxes are the turn-off point and the region of the RC stars for Ruprecht 6 shown here just for guidelines. With the limited data of BV I photometry only, it is not an easy task to determine the reddening, distance, age, and metallicity simultaneously from the isochrone fitting due to the degeneracy of parameters. We, therefore, have used predetermined values of distance (Section 3.3) and reddening (Section 3.4) for the isochrone fittings just to find optimum values of age and metallicity, after which slight fine-tunings are made. Good matches of the theoretical isochrones and the observed photometry data lend support for the distance and reddening values, and the newly obtained values of age and metallicity.
DISCUSSION
Red Clump Stars
Among the 10 RC stars shown in Figure 7 , one star is located just outside of the 2 radius circle of Ruprecht 6, with its coordinates R.A. (J2000) = 06 h 56 m 6.366 s and Decl. (J2000) = −13
• 15 24.27 . Since it is very likely that this star could also be a member of the cluster considering its close location to the cluster area, we can include it in our estimation of the cluster parameters. The optical and 2MASS NIR photometry results of the star are : B = 17.358 ± 0.003 mag, V = 15.912 ± 0.002 mag, I = 14.273 ± 0.004 mag, J = 12.981 ± 0.026 mag, H = 12.229 ± 0.022 mag, KS = 12.065 ± 0.024 mag, and (J − Ks) = 0.916 mag.
Inclusion of this star results in the mean K(RC) magnitude to be Ks = 12.31 ± 0.23 mag and this gives the distance modulus to be (m − M )0 = Ks − MK s − AK = 12.31 − (−1.595) − 0.15 = 13.76 ± 0.23 (d = 5.65 ± 0.63 kpc, still using the reddening values obtained in Section 3.4), which agrees within the error range but somewhat shorter than that in Section 3.3. The mean NIR color of the four RC stars including the above one is (J − Ks) = 0.83 ± 0.07 mag and this results in a little bit larger reddening values of E(J − Ks) = (J − Ks) − (J − Ks)0 = 0.22 ± 0.07 and E(B − V ) = 0.45 ± 0.07.
Galactocentric Metallicity Distribution
OCs have been used as one of the tools to probe the Galactocentric radial metallicity distribution in our own Galaxy (Kim & Sung 2003; Wu et al. 2009; Ryu & Lee 2011) . This radial variation of the metallicity in the disk of the Galaxy is a powerful tool for the understanding of the star formation and chemical evolution of the system (Fernández-Martín et al. 2017) . Kim et al. (2005) Table 6 , we have compiled again the slopes and intercept values incorporating recently published results for OCs.
For the OCs in the DAML02 catalog, we have calculated the Galactocentric distances using the distance estimates, Galactic coordinates in the catalog and the equation :
, where d is the heliocentric distance to the cluster, l and b are the Galactic longitude and Galactic latitude, respectively, of the cluster, R0 is the distance of the Sun from the Galactic center (8.5 kpc is used in this study). Out of 2167 OCs listed in the DAML02 catalog, only 298 clusters have both of metallicity and distance estimates, which are shown in Figure 10 as a function of the Galactocentric distance, RGC. Figure 10 (a) ).
Taking into account only the old OCs with age > 1 Gyr, we plotted the same plot in Figure 10 Figure 10 (b) ). This result is in very good agreement with those obtained recently by Ryu & Lee (2011) and Andreuzzi et al. (2011) , while the number of OCs used in this study is smaller than those of the previous studies which resulted from introduction of the process of extracting only the old and good (by 2σ clipping) clusters for the analysis.
Whether we adopt the single relation for the whole radial range or the dual relation broken at RGC ∼ 12 kpc, Ruprecht 6 seems to conform either of the radial metallicity trends at its location of RGC = 13.28 ± 0.54 kpc.
The metallicity estimates from photometric indices are less reliable than those from spectroscopic observations. (U − B) colors for late-F to early-K-type stars, Washington and DDO photometric systems for G and K-type giants can give some reliable values. However, while the DAML02 catalog gives detailed references for proper motions and radial velocities, the sources for the metallicity estimates are not listed. Among the 81 objects in Figure 10 (b), there are 18 objects for which N ≥ 10 stars are used to determine the metallicity, 40 objects for which 1 ≤ N ≤ 9 stars are used, and no information is given for the other 23 objects. Investigating the sources of the metallicity estimates again is beyond the scope of this paper, but compilation and classification of these estimates using the criteria of the methods to find abundances and number of stars used will be a good approach to obtain more reliable Galactocentric radial metallicity distribution of the OCs in the Milky Way.
SUMMARY
We derived the physical parameters of the small-size and poorly studied old OC Ruprecht 6 using the BV I optical photometry data. The main results obtained in this study are :
• The color-magnitude diagrams of Ruprecht 6 show clear MS stars. The MS turn-off point is at V ≈ 18.45 mag and B − V ≈ 0.85 mag.
• Three RC stars are at V = 16.00 mag, I = 14.41 mag and B − V = 1.35 mag. The mean Ks-band magnitude of RC stars (Ks = 12.39 ± 0.21 mag) and the known absolute magnitude of the RC stars (MK S = −1.595 ± 0.025 mag), the distance modulus to Ruprecht 6 is obtained to be (m − M )0 = 13.84 ± 0.21 mag (d = 5.86 ± 0.60 kpc).
• From the (J − Ks) and (B − V ) colors of the RC stars, comparison of the (B − V ) and (V − I) colors of the bright stars in Ruprecht 6 with those of the intrinsic colors of dwarf and giant stars, and the PARSEC isochrone fittings, Small open circles at R < 12 kpc in (a) and (b) denote the OCs excluded during the 2σ clipping process, and the large red dot with error bars represents the position of Ruprecht 6 with parameters obtained in this study.
we derive the reddening values of E(B − V ) = 0.42 mag and E(V − I) = 0.60 mag.
• Using the PARSEC isochrone fittings onto the colormagnitude diagrams, we obtain the age and metallicity values to be : log (t) = 9.50 ± 0.10 (t = 3.16 ± 0.82 Gyr) and [Fe/H] = −0.42 ± 0.04 dex.
• For the old (age > 1 Gyr) OCs of DAML02 catalog, we obtain the Galactocentric radial metallicity relations of either (i) 
